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Abstract 

Transport through potential barriers in graphene is investigated using a set of metalhc gates 
capacitively coupled to graphene to modulate the potential landscape. When a gate-induced po- 
tential step is steep enough, disorder becomes less important and the resistance across the step 
is in quantitative agreement with predictions of Klein tunneling of Dirac fermions up to a small 
correction. We also perform magnetoresistance measurements at low magnetic fields and compare 
them to recent predictions. 
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Graphene is promising for novel applications and fundamental physics due to its remark- 
able electronic, optical and mechanical properties l|. At energies relevant to electrical 
transport, quasi-particles are believed to behave like Dirac fermions with a constant velocity 
vp ~ 1.1 X 10^ m.s~^ characterizing their dispersion relation E = hvpk. The Klein paradox 
for massless Dirac fermions predicts that carriers in graphene hitting a potential step at 
normal incidence transmit with probability one regardless of the height and width of the 
step [2I. At non-normal incidence, this tunneling problem for 2D massless fermions can be 
represented as a ID problem for massive Dirac fermions, with the effective mass proportional 
to the conserved transverse momentum. The Klein tunneling probability should then depend 

nriR 

on the profile of the potential step [2|, 13|, U|. Recent experiments have inyestigated transport 



10| and results 



across potential steps imposed by a set of electrostatic gates 
of Ref. support an interpretation of Klein tunneling. We present measurements on six 
devices which allow a quantitative comparison with Klein tunneling in graphene when the 



potential profile created by the gates is evaluated realistically Disorder is sufficiently 
strong in all our devices to mask effects of multiple refiections between the two steps of a 
potential barrier, so that all data can be accounted for by considering two independent steps 
adding ohmically in series. Finally, we probe the transition from clean to disordered trans- 
port across a single potential step, and we refine the accuracy of the transition parameter 



introduced by Fogler et al. 



12l |. In a complementary measurement, we show that the effect 



of a low magnetic field on the Klein tunneling across a potential step in graphene is not 
explained by existing predictions in the clean limit jl^ . 
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FIG. 1: Schematic diagram of a top-gated graphene device with a 4-probe measurement setup. 
Graphene sheet is black, metal contacts and gates dark grey. 



We measure six top-gated graphene devices (typical schematic shown in Fig. [T]) , whose 
essential parameters are listed in Table [Tll The density ntg far from the top-gated region 
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Sample 


L (nm) 


w (/xm) 


d (nm) 




IX (cm^V ^) 


A60 


60 


4.3 


34 


7.6 


1800 


BlOO 


100 


2.1 


42 


3.8 


1700 


B220 


220 


2.1 


42 


3.5 


1700 


C540 


540 


1.74 


25 


7.9 


1400 


A860 


860 


3.6 


34 


7.9 


1800 


CI 700 


1700 


1.74 


47 


1.9 


1300 



TABLE I: Geometrical properties of the samples: top gate length L, graphene strip width (interface 
length) and top gate dielectric thickness d. Same letter for two device labels indicates same 
graphene sheet. All dimensions were taken by both Scanning Electron Microscopy and Atomic 
Force Microscopy. The transition parameter /? between clean and diffusive transport in a single 
p-n junction is also shown (see text), averaged across the whole measured voltage range such that 
Tibg < and ntg > 0. Counter-intuitively, despite devices' low mobility, /? ^> 1 so that Klein 
tunneling is expected rather than diffusion across the interface. 




V^tg (V) V,, (V) 

FIG. 2: a) 4-probe resistance measured on device C540 (see Table HI}, as a function of Vbg and 
Vtg- The color scale can be inferred from the cuts shown in b. The densities nbg and Antg are 
estimated using = 2.42 V, V^^ = 18.65 V and Ctg = 107 nF.cm-^. b) Resistance as a function 
of Vtg at several values of Fbg- The two bold curves show a clear asymmetry with respect to the 
peak (ntg = 0) for both 14)g < ^bg ('^'^d) and Fbg > ^bg (yellow). 
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is set by the back gate according to nbg = ^^'^^^^^ ^''g'* where Cbg = 13.6 nF.cm"^ is the 
back gate capacitance per area (from Hall effect measurements on a similar wafer oxidized 
in the same furnace run), e is the electron charge, and V^g the gate voltage required to 
attain zero average density jisl. The density ritg well inside the top gated region is set 
by both back gate and top gate voltages according to n^g = ribg H — -^-7 — —, where Ctg 
and V^g are the top gate counterparts of Cbg and V^^. Throughout this letter we use the 
notation Antg = ritg — nbg to identify the contribution of the top gate voltage only, which 
tunes the potential step height. As described in previous work [5||, an asymmetry with 
respect to ritg = appears in the 4-probe resistance measured across a top-gated region 
as a function of Vtg for fixed back gate voltages Vbg (Fig. Eb). This asymmetry quantifies 
the resistance across the potential step in graphene created by the gates. All graphene top- 
gated devices were fabricated in the same way, which is described in detail in the Supporting 
material (igI . For electrical characterization, samples are immersed in liquid Helium at 4 K 
and four-terminal measurements are made using a lock-in amplifier at a frequency 32 Hz with 
a bias current of 100 nA. All samples show typical monolayer graphene spectra measured by 
Raman spectroscopy and exhibit the quantum Hall plateaus characteristic of graphene when 
measured in perpendicular magnetic fields up to 8 T at 4 K (see Supporting material (igI). 
In order to extract the resistance of the p-n interfaces only, we measure the odd part of 

n 

resistance -Rodd about Utg = [5||: 

2i?odd(nbg, ntg) = -R(nbg, ritg) - -R(nbg, -^tg), (1) 

where R is the four-terminal resistance as a function of the densities far from the top gated 
region and well inside that region. Extracting the odd part -Rodd from the measured re- 
sistance requires an accurate determination of the densities nbg and ntg. This is made by 
the measurement of three independent quantities V^g, V^g, and Ctg/Cbg. We carefully mea- 
sure these quantities by using the quantum Hall measurements at 8 T and electron-hole 



symmetry [16|. There are two physical interpretations for -Rodd depending on the relative 
magnitude of two length scales: the mean free path le = ^ 2^mi ('^^ll defined for kple ^ 1 
or equivalently for a conductivity a ^ 2e^//i) and the top gate length L. For L ^ /g, after 
crossing the first interface of the barrier carriers lose all momentum information before im- 
pinging on the second interface. In this case, the total barrier resistance can be modeled by 
two junctions in series. The expression 2(-Rpn — -Rpp) where -Rpn (-Rpp) denotes the theoretical 



value of the resistance of a single p-n ( p-p) interface, can then be compared directly to the 
experimental quantity 2i?odd [5|. For L <ti le, multiple reflections occur between the two 
interfaces of the barrier, which is predicted to reduce the total barrier resistance jl^. As all 
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FIG. 3: a) The series resistance 2i?odd of the barrier interfaces as a function of Vtg, for several 
values of Vbg for device AGO (corresponding densities n^g are labeled). The measured resistance 
2-Rodd (dots) is compared to the predicted value 2(i?pn — iipp) using either a diffusive model, Eq. ^ 
(dashed lines) or a ballistic model Eq. jS]) with the value ci = 1.35 chosen to best fit all six devices, 
(solid lines), b) Same as a) for device C540. 



devices have modest mobility, we start by using a diffusive model to calculate -Rpn and Rpp. 
In this model, due to disorder the resistance depends on the local resistivity p{n) (measured 
for a uniform density at Vtg = V^^) at each position x: 

4n'^ - 4f = lj P(^(^bg, ntg, x)) - p{n{n^g, -n,g, x))dx (2) 

Figure [3] compares the experimental curves for 2i?odd as a function of Vtg at several Vbg for 
samples AGO and C540 to the corresponding predictions. Clearly, the diffusive model rep- 
resented by the dashed lines predicts resistance values considerably below the experimental 
curves, hinting that transport through the device cannot be viewed as entirely diffusive. 

12l |. we retain the diffusive model for the region 



Following the calculation by Fogler et al. 



away from the interface, but replace it by a ballistic interface model for a region extending 



one mean free path in either direction from the location where density changes polarity 



13|. 
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Thus, 

Rpn - Rpp = R'pn^^ - R^pf^ + R^pn^ \x>m - R^pp^ \x>m (3) 

where the two last terms are taken from Eq. [2l but with the integral excluding x G [— /g, L]- 
The first two terms are the ballistic contributions to the interface resistance for bipolar and 
monopolar configurations, and can be calculated individually as follows. All conduction 
channels on the low-density side of a monopolar junction should have transmission nearly 1 
through the junction 



by Zhang and Fogler 



17 1, so R^p^^ = 4e^ "'A/^™"C^bgl,htg lj) ^ ^j^^ bipolar case was addressed 



ll|: 

2 

where h is Planck's constant, a = jj— ~ 0.56 is the dimensionless strength of Coulomb 
interactions (e,. ~ 3.9 is the average dielectric constant of Si02 and cross-linked PMMA 
measured at 4K), and n' is the slope of the density profile at the position where the density 
crosses zero (density profile calculated from the classical Poisson equation with realistic 
gate geometry, temporarily treating graphene as a perfect conductor) . Expression [4] refines 
this calculation to take into account non-linear screening of graphene close to zero density, 
going beyond the linear model used in Ref. j^. The prefactor ci in Eq. (Jlj) is determined 



numerically [ulj. In our case, a = 0.56 and the prefactor is predicted to be ci = 1.10 ± 
0.03 [l^- In order to test this prediction Ci will be used as a single fit parameter across 
all samples and densities. The solid lines in Fig [3] were generated by Eq. [3l choosing Ci = 
1.35 to best account for all experimental curves in all devices (voltages Vbg > Vj^g S^^^ 
a similar agreement, not shown for clarity). The slight discrepancy between theoretical 
and experimental values of ci might be due in part to exchange and correlation effects. 
Trying to fit the data using a naive linear potential model requires an independent fitting 
parameter for each device, and even with the best fit to the data, some qualitative trends of 
the experimental data cannot be accounted for by this model, as described in detail in the 
Supporting material [l^. This mismatch between the linear model and the data indicates 
the importance of accounting for non-linear screening close to zero average density. We 
continue by calculating the ratio r] = Rodd/ {Rpn — -Rpp), for all devices, for all measured V^g 



and Vtg, using Eq. 
small peak width 



3l The histogram of rj is sharply peaked at a certain value ?7pcak with a 
|. For all devices except C1700, regardless of their length L, r] is close 



or slightly higher than 1 when using ci = 1.35 (Fig. H]), which indicates that the resistances 
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of both interfaces of the potential barrier simply add in series, and a single p-n junction is 
less sensitive to disorder than transport between the two interfaces of a potential barrier. 

_ 3 

Fogler et al. introduced the parameter (3 = n'n^ ^ to describe the clean/disordered transition 



in a sing le p-n junction, where Ui is related to the mobility by rij 



Ref. 



lih 



12l |. According to 



12l |. when (3^1 the ballistic contribution in Eq. (I3|) dominates and the junction is in 
the clean limit, whereas for /5 ^ 1, the diffusive contribution in Eq. ((31) dominates and the 
junction is in the disordered limit. The threshold [3 = 1 marks the transition where ballistic 
contribution must be taken into account since it is comparable to the diffusive contribution. 
In the following, we refine this transition threshold experimentally. From Fig. [4] and Table 1, 
it seems that transport is indeed well described by Eq. (I3|) when [3 > 3.5 but more poorly 
for CI 700 where /3 < 2, where we find that rj is further than 1 and has a large spread of 
values. In addition, Fogler et al. predict that the diffusive contribution to the the interface 
resistance will be negligible for P > 10, which is reached in several of our devices for densities 
ritg > 3 ■ lO^^cm"^. At these densities, in spite of our devices' modest mobility, the junction 
can be considered as disorder- free since the calculated ballistic contribution to -Rodd is 10 
times higher than the diffusive one, which allows us to make a rather accurate measurement 
of the ballistic contribution alone in this clean limit, and match it well with the ballistic 
terms in Eq. (JS]). In a recent experiment where suspended top gates were used, for one 
sample the agreement with Eq. [2] - the disordered limit - was very good (sample S3 in Ref. 
[9]). This is due to a much larger distance between the top gate and the graphene sheet, and 
much smaller density range than in the present work, likely due to lower dielectric constant 
combined with mechanical instability of the top gate when applying higher voltages. These 
two factors considerably reduce n' (around 80 times), which is not fully balanced by the 
cleaner graphene of Ref. (n^ 2-5 times smaller). We estimate {(3) ~ 0.7 for device S3 
reported in Ref. js]. Note that two other devices on substantially cleaner graphene (81 
and 82 in Ref. Q]) support an interpretation of Klein tunneling with (3 = 2.5 and (3 = 4 
respectively. From the present work and from the result of Ref. one can see that the 
transition between clean and disordered transport in p-n junctions seems to be sharp: for 
/3 > 2.5 the clean limit applies, for /3 < 0.7 the disordered limit applies and in between 
neither limit is valid. 

Being sharply dependent on angle of incidence, transport through potential steps in 
graphene should be sensitive to the presence of a magnetic field, which bends electron 
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FIG. 4: Symbols: ratio rj = i?odd/ {Rpn — Rpp) as a function of top gate length L for the devices 
of Table 1. Rpn is calculated with ci = 1.35. The vertical lines show the width of the histogram of 
r] for densities such that |rabg|,|ntg| > lO^^cm"^. The dashed line at r/ = 1 corresponds to perfect 
agreement between theory and experiment, in the case where the total resistance is the sum of the 
resistances of two p-n interfaces in series. 



trajectories. For ntg = — '^-tg the predicted interface conductance in the clean limit is 

Gpn(i?)=Gpn(0)(l-(i?/i?.)')'/', (5) 

where GpniO) is the conductance at zero field, 5* = h{eiy^ ^ynAntg and / is the distance 
over which the potential rises, which is proportional to the thickness d of the oxide jl^ . 
We measure ^q^jj as a function of magnetic field B in two devices C540 and CI 700 on the 
same graphene sheet but with different top gate dielectric thickness d (Table 1). We use 
the experimental Gpn(O) and the best parameter / to fit all curves within the same device 
(see Supporting material). The parameters / for C540 and C1700 are found to be 65 nm 
and 55 nm respectively, whereas C1700 has the thicker dielectric (see Table HTl) . Further 
theoretical work is needed to explain this discrepancy. 

In conclusion, we show evidence for Klein tunneling across potential steps in graphene 
with a quantitative agreement to a model with one free parameter describing screening 
properties in graphene. The crossover between clean and disordered regimes occurs as a 
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function of the parameter (3 around 1 as predicted by Fogler et al. [12|. More work is needed 
to go into the fully ballistic regime, and also to measure directly the angle dependence of 
Klein tunneling 
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Novikov, L. Levitov, and A. Young for enlightening discussions. We also thank A. Savchenko 
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the predictions for -Rodd- While this work was under review, we became aware of related 
work by A. Young et al., in which evidence is seen for ballistic transport across a full npn 
junction [2^. This work was supported by the MARCO/FENA program and the Office 
of Naval Research contract N00014-02-1-0986. N. Stander was supported by a William 
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under Grant ECS-9731293. Critical equipment (SEM,AFM) was obtained partly on Air 
Force Grants FA9550-04-1-0384 and F49620-03-1-0256. 
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Supplementary material 

sectionGraphene characterization 

We measure 2-probe conductance in each sample at high magnetic field (8 T), in order to 
verify it has the unique behavior of a single sheet. For example Fig.[5]shows conductance 
measured in sample C540 at 8 T (note that an estimated contact resistance -Rcon = 1830 Q 
has been taken into account = {G~^ — -Rcon)"^)- The plateaus in are at values 
2e^/h, 6e^/h . . . , characteristic of a single layer. Appearance of peaks between plateaus was 



predicted by Abanin and Levitov, for a 2-probe measurement. 
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FIG. 5: 2-probe conductance corrected using the estimated contact resistance for sample C540 at 
a magnetic field of 8 T and a temperature 4 K. 




FIG. 6: Left: 3-dimensional schematic of representative device. Middle: Atomic Force Microscope 
topograph of devices C540 and C1700. Right: Scanning Electron Microscope image with 4-probe 
measurement scheme for C540. 
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EXTRACTING THE ODD PART OF THE RESISTANCE 



Extracting the odd part of the resistance requires the determination of three quantities: 
The ratio between the top gate capacitance Ctg and the back gate capacitance Cbg, V^^g) which 
corresponds to zero average density far from the top gated region, and V^^ which corresponds 
to zero average density below the top gated region, when Vbg = ^bg- ^ good approximation 
to these parameters can be extracted from Fig. la of the paper, since the voltage offsets are 
the coordinates of the global maximum in resistance and the slope of the diagonal peaked 
line gives the ratio Ctg/Cbg. However, the odd part turns out to be particularly sensitive to 
Ctg/Cbg, so that a mere estimation of the peak position is not enough. 

Instead, we measure the resistance for each device as a function of voltages Hg and Vtg 
at 8 T in the Quantum Hall regime. The position of the transition between the first and 
second conductance plateaus in Vtg for each value of Vbg leads to a determination of the ratio 
Ctg/C*bg within 1%. The determination of the voltages V^g and V^^ can be done accurately 
by symmetrizing the resistance in Fig. 1 of the paper with respect to the point (V^g, Kg)- 

i?(K°g + A^bg, + AKg) ^ RiV^'^ - AHg, < - AKg) (6) 

and choosing the point (Vb^g, V^g) which leaves this resistance the most unchanged. 

Still, the uncertainty of 1% on the capacitance ratio Ctg/Cbg leads to some uncertainty 
on the odd part -Rodd of the resistance. However, this uncertainty remains negligible except 
at low densities ritg (see Fig. [T]). 

COMPARING THE EXPERIMENTAL VALUE i?odd TO THEORETICAL MODELS 
OF THE JUNCTION INTERFACE RESISTANCE 

Figures 3a and 3b in the paper show the experimental -Rodd in comparison to the theo- 
retical -Rnp — -Rpp, for the two devices AGO and C540 at several nbg within both clean and 
disordered models. In order to quantify the compatibility of the theory to the experiment, 
we define ?7(Vbg, Vtg) as the ratio -Rodd/(-Rnp — -Rpp)- We determine the ratio r] for all mea- 
sured densities |nbg|,ritg > lO^^cm"^ and calculate the corresponding histogram for r] using 
two models of transmission across a single potential step in graphene: diffusive and ballistic. 
rj = 1 corresponds to perfect agreement between theory and experiment in the limit where 
If. (see paper). Figures [8h and Figs.[8]b show two histograms of r) each, for devices AGO 
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Sample 


L (nm) 


w ip-ia.) 


d (nm) 


K (V) 

Dg \ / 


K (V) 


Ctg (nF.cm-2) 


fi (cm^V^^s^i) 


W) 


A60 


60 


4.3 


34 


25.65 


-1.36 


92 


1800 


7.6 


BlOO 


100 


2.1 


42 


9.35 


-0.49 


69 


1700 


3.8 


B220 


220 


2.1 


42 


10.95 


-0.73 


69 


1700 


3.5 


C540 


540 


1.74 


25 


18.65 


-2.42 


107 


1400 


7.9 


A860 


860 


3.6 


34 


25.5 


-2.35 


92 


1800 


7.9 


C1700 


1700 


1.74 


47 


13.4 


-1.35 


52 


1300 


1.9 



TABLE II: Geometrical properties of the samples: L- top gate length, w- interface width, and d- top 
gate dielectric thickness. Same letter for two devices indicates same graphene sheet. All dimensions 
were taken by Scanning Electron Microscope (SEM) and Atomic Force Microscope (AFM) images. 
The gate voltage offsets V^^ and V^g and the capacitance of the top gate determined from the 
procedure described in the text are reported here. The mobility fi is estimated from the slope at 
the origin of the conductance measured as a function of back gate voltage. These low values are 
due to the PMMA cross-linking step. 
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FIG. 7: 2i?odd as a function of Vtg for several nbg shown at the upper left corner for sample C540. 
For each chosen ?ibg, we plot the corresponding curves with Ctg/Cbg between 7.6 and 7.8 in steps 
of 0.02. This reflects a spread of ±1% from the value of 7.7, which we use in the paper. 
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and C540, respectively. The red histogram is using a diffusive model while the blue one is 
using a ballistic model. We follow the same procedure for all devices, and extract the value 
Tj associated with the the diffusive theory and ballistic theory, at the center of the peaked 
histogram together with its width (2r) , by fitting the data to the following Lorentzian: 



Frequency 



(7) 



(r/ - r/peak)2 + (r)2 

In the paper, Fig. 4 presents ?7peak and small error bars for rj when using the ballistic model 
with a fitting parameter ci = 1.35. This is complemented here by Fig. [9] showing the wide 
spread of rj for some devices, along with a much lower predicted value of -Rnp — -Rpp when 
using the diffusive model. Note that BlOO and B220 have a relatively smaller spread in r] 
when using the diffusive model, which is due to a smaller range of densities. In contrast the 
relatively small spread of rj when using the diffusive theory for AGO is not due to a smaller 
range of densities nor due to the short dimension of the top gate. We currently do not 
understand this feature, although the spread is still larger than the spread in rj when using 
the ballistic model. 
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FIG. 8: a) Histograms of rj using a diffusive model (red) or a ballistic model (blue) for device A60. 
The peak value r/pcak and peak width (2r) shown in the figure were taken from a lorentzian fit 
Eq. ([7]) to each theory. The histogram bins are 0.01 wide, b) Same as a) for device C540. Using 
the diffusive theory for C540, we could not fit properly rj thus we report the standard deviation in 
eta as the value of V . 
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FIG. 9: The vertical lines show the spread of r] when using diffusive model (Eq. (2) in the main 
paper) for densities such that |nbg|,|ntg| > lO^^cm"^. the lines are centered on the average value 
of the histogram. 

MULTIPLE REFLECTIONS BETWEEN INTERFACES OF A POTENTIAL BAR- 
RIER 

One of the goals of the main paper was to investigate the transition from diffusive to 
ballistic transport through the potential barrier by making the top gate length smaller than 
the mean free path of the carriers. In this limit the transport across the whole potential 
barrier is expected to be ballistic (no disorder), and charge carriers are subject to multiple 
reflections on the two interfaces of the barrier. 

Without phase coherence 

The transmission probability Ts across the whole potential barrier is related to the trans- 
mission probability T across a single interface by: 




(8) 



Hence, 



1 



(9) 



2T-1 



1 



Therefore the total conductance for a width w is given by 




(10) 
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where ky is the component of the wavevector k along the potential interface. One can 
compare this to the conductance across a single interface 



2 „,, /•+00 



G = / T{ky)dky (11) 



so that 



According to Ref. T{ky) = e '^^y with 7 > therefore, 

00 ^ 

^-/^ = E^-0-81 (13) 

Using the notations of our paper, this translates into a resistance 

i?E ~ 1.24<p^'). (14) 

Therefore, for a length L small enough (L <^ /g), the odd part of the resistance should be 
such that 

2R,^^^lMR^^f. (15) 

As seen from Fig. 4 in the paper, this regime is never achieved fully in the experiments 
but may be the cause of the smaller 77 for the shortest top gate. 



Including phase coherence 

In the phase coherent regime, the above derivation remains valid up to a phase term in 
the transmission: 

Ts = |T(T + (1 - Tfe'^^'/\T + (1 - Tfe'^^'/^T . . . | (16) 

where At = 2L cos 6 is the time spent between back and forth bounces and 6 is the angle of 
incidence. This simplifies into 

Te = |l - (1 - T)2exp [i2TmL{Tm - kD'^/^] (17) 

with n the density below the top gate. Phase coherent length in our devices is of the order 
of a few microns, extracted from a similar device in Ref. p 
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N-P JUNCTIONS IN FINITE MAGNETIC FIELD 



As explained in the paper transport through potential steps in graphene should be sen- 
sitive to the presence of a magnetic field, which bends electron trajectories. For instance, 
in the clean limit the angle at which carriers are transmitted perfectly should be given 



by a.Tcsm{B / B^,) where B^, = h{el)^^ y/nAntg and / is the distance over which the potential 
rises, which is proportional to the thickness d of the oxide [l^. For ribg = — ''^^tg the predicted 
interface conductance is 



Gpnl^) =G'pn(0)(l-(5/5, 



N2N3/4 



(18) 



where G'pn(O) is the conductance at zero field. Since Eq. (fTHl) is a prediction for the conduc- 
tance of a single p-n interface and le L in both devices, R~^^ can be interpreted as the 
conductance of a single p-n interface (canceling out the monopolar bulk magnetoresistance, 
whose source in not well understood). For several gate voltages such that nbg = — '^tg, we 
measure -Rqjjj as a function of magnetic field B (Fig. [10]) in two devices C540 and C1700 on 
the same graphene sheet but with different top gate dielectric thickness d (Table 1). We use 
the experimental G'pn(O) and the best parameter / to fit all curves within the same device. 
The parameters / for C540 and CI 700 are found to be 65 nm and 55 nm respectively, whereas 
CI 700 has the thicker dielectric (see Table HB . 
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FIG. 10: a) (i?odd)"^ for device C540 as a function of magnetic field B for several density profiles 
with nbg = —ntg (nbg is labeled). The theoretical curves using Eq. (solid lines) are fitted with 
/ = 65 nm to the experimental curves (dots).b) Same as a) for device C1700. The fitting parameter 
used was I = 55 nm. 



We also show here how to extract the n-p interface conductance in the presence of mag- 
netic field. Both C540 and C1700 satisfy the condition 1^ ^ L (Fig. 4 of our paper), thus 
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"-ppp 



Gppp) is the resistance of the 



the barrier resistance can be viewed as that of two n-p interfaces in series. In this case 
(2i?odd)~^ = (-Rpnp — i?ppp)~^, where -Rpnp = G~^p {R 
barrier when n^g = —ritg {ubg = ritg). Figures [TTk-d show Gpnp and Gppp for C540 and 
C1700, as a function of magnetic field, at several rihg. The flatness of the Ubg = curve is 
a measure of how well V^^ and V^^ were determined. Also, Gppp > Gpnp at all measured 



densities, in both devices, which is consistent with the zero magnetic field case. Finally, we 
note a weak localization dip in both devices C540 and C1700 in the conductance near B = 
for all densities. 
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FIG. 11: a) Gpnp = -Rpnp as a function of magnetic field for several with ntg = —n^g, for 
device C540. nf,g densities are presented on the right hand side of the figure, b) -Rppp = Gppp as a 
function of magnetic field for several Ubg, with ntg = rihg, for device C540. c)-d) Same as a) and 
b) for device C1700. 
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Fabrication details 



The substrate used in these experiments is a highly n-doped Si wafer with a nominal 
resistivity of less than 0.005 f2 ■ cm. Standard 1 — 10 f2 ■ cm wafers experience carrier 
freeze-out and hence hysteretic response to applied gate voltage at temperatures below 4K. 

All graphene sheets were produced by successive mechanical exfoliation of Highly Ori- 
ented Pyrolytic Graphite grade ZYA from General Electric (distributed by SPI) using an 
adhesive tape (3M Scotch Multitask tape with gloss finish), then deposited onto a layer of 
Si02 297 nm thick grown by dry oxidation at 1500° C on a highly n-doped Si substrate, 
which serves as a global back gate. Before deposition of graphene, the substrate was cleaned 
by Piranha etch. After suitable sheets were located with respect to alignment marks by 
optical microscopy, metallic probes were patterned using standard electron beam lithogra- 
phy followed by electron beam evaporation of Ti/Au (5 nm/25 nm thick). Afterward, the 
graphene sheets were etched in dry oxygen plasma (1:9 02:Ar) into the desired shape, and 
one or two layers of Polymethyl Methacrylate (PMMA, molecular mass 950K or 495K at 2% 
in anisole) were spun on top of it, then cross-linked using 30 keV electron beam with a dose of 
2 X 10"^ yuC.cm"^. In a final e-beam lithography step, the top gates were patterned on top of 
the cross-linked layer, followed by electron beam evaporation of Ti/Au (5 nm/45 nm-55 nm 
thick). 
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